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ABSTRACT
Spina bifida, a type of neural tube defect apparent at birth, has been sporadically
documented in paleopathological analyses. It occurs most frequently in the sacrum and has
clinical manifestations ranging from mild to severe. However, reporting and interpreting spina
bifida from archaeological sacral remains has been difficult because no consensus has been
reached about the anatomical indicators of sacral spina bifida. Such a diagnosis is also
complicated by the fact that the sacrum is the most variable region of the spine, with many of the
morphometric variants being considered normal. This project explored sacral variation in a fossil
hominin specimen designated KNM-WT 15000, also known as Nariokotome Boy. This Homo
erectus skeleton had been initially suggested to be pathological, due to exhibiting traces of
congenital skeletal abnormalities, including spina bifida. However, it has become a subject of
controversy, as more recent studies refute this claim. Thus, the objective of the present study was
to evaluate these competing claims through the comparative analysis of sacral morphology in
KNM-WT 15000 and two prehistoric reference samples from the archaeological sites of Tepe
Hissar and Hasanlu in modern-day Iran. The results indicate that the sacrum of KNM-WT 15000
falls within normal morphometric variation compared to the reference samples except in the first
sacral vertebra, where an occurrence of spina bifida could be suggested.
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I. INTRODUCTION AND BACKGROUND
1.1. General Introduction
Paleopathological examinations of excavated human skeletal remains provide
information about the physical health conditions in earlier populations. Many diseases and
disorders produce pathological lesions on the skeleton, allowing the diagnosis of ancient
pathological conditions to be made. Studying aspects of disease occurrence and health status
provides insights into disease evolution and human adaptation to changing environments
(Roberts & Manchester, 2005). In paleopathological analyses of skeletal collections, most
congenital skeletal anomalies have been found in the vertebral column. The highest incidence
was observed in the lumbosacral region (Masnicová & Beňuš, 2003).
Spina bifida, a type of neural tube defect, has been sporadically documented in
paleopathological literature (Kumar & Tubbs, 2011). Its cause is multifactorial, with multiple
genetic and environmental factors contributing to its development. Spina bifida can be localized
in any section of the vertebral column, but it is most commonly found in the sacrum, a bone
located at the bottom of the spine (Barnes, 1994). Due to the lack of a standardized methodology
for diagnosing spina bifida from sacral remains, there have been discrepancies in the reporting
and interpretation of the defect by paleopathologists (Kumar & Tubbs, 2011).
Missing only a few bones primarily in the appendicular skeleton, the Nariokotome Boy
skeleton is the most complete archaic human skeleton ever discovered (Walker & Leakey, 1993).
Its axial skeleton is nearly complete, preserving an almost complete vertebral column from the
last cervical vertebra to the sacrum. Designated KNM-WT 15000 (Kenya National MuseumWest Turkana), the skeleton belongs to a Homo erectus juvenile male dated to 1.5 million years
ago. It has been suggested that his axial skeleton is pathological, exhibiting traces of congenital
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skeletal abnormalities, including spina bifida (Latimer & Ohman, 2001). This initial evaluation
raised skepticism about using the skeleton as a reference fossil for Homo erectus anatomy
(Schiess et al., 2014). More recently, a study based on the visual inspection and a comparison of
the skeleton to a modern reference sample has rejected the skeleton’s asserted pathologies and
questioned the validity of the initial interpretation (Schiess & Haeusler, 2013).
Considering the difficulties involved in documenting spina bifida in human skeletal
remains, the purpose of the present study was to contribute to the standardization of the
morphological diagnosis of this disease. To achieve this aim, I initially assessed variation in the
sacrum in two prehistoric reference samples from archaeological sites of Tepe Hissar and
Hasanlu in northern Iran, documenting the frequency of spina bifida and morphological and
metric properties of sacral variation on dry sacral remains. Overall, documentation of spina
bifida in ancient Near East populations has been limited, with only a few reports from sites in
Egypt. Thus, the present study is the first investigation of sacral variation and spina bifida in
prehistoric populations from Iranian archaeological sites. In addition, I used the collected sacral
variation data from Tepe Hissar and Hasanlu to determine whether the Nariokotome Boy
skeleton displayed signs of spina bifida.

1.2. The Sacrum
General Structure of the Vertebral Column
In higher vertebrates, the notochord found in all chordates develops into the vertebral
column, composed of a sequence of individual vertebrae separated by intervertebral discs. The
vertebral column, or the spine, extends throughout the back from the base of the skull to the
pelvis. Constituting the axis of the body, the vertebral column has two primary functions:
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protecting the spinal cord and providing a structural framework for posture and locomotion
(Been et al., 2019). It encloses the spinal cord, a bundle of nerves serving as a communication
pathway between the brain and the body. In addition, it contains attachment points for multiple
ligaments and muscles. Pelvic and pectoral girdles attach limbs to the spine, which is attached to
the ligaments and muscles of the trunk for mobility and stability control (Kibler et al., 2006).
These attachments allow for both the stability necessary for an upright posture and the mobility
required for locomotion.
Vertebrae are not uniform in morphology throughout the column, and they are given
different names based on the sections of the vertebral column that they encompass. The
mammalian spine is divided into five sections: cervical (neck), thoracic (middle back), lumbar
(lower back), sacrum, and coccyx (Agur & Dalley, 2009). Vertebral bodies increase in size with
lower placement within the vertebral column, but their sizes decrease in the sacrum and coccyx.
The number of cervical vertebrae has been conserved among nearly all mammals regardless of
neck length (Galis, 1999). With seven cervical vertebrae and 19 or 20 thoracolumbar vertebrae,
most mammals have a total of 26 or 27 presacral CTL (cervical, thoracic, and lumbar) vertebrae
(Narita & Kuratani, 2005). However, humans are an exception in that they contain 24 CTL. It is
hypothesized that adaptation to antipronograde behaviors during our evolutionary history
decreased constraints on the number of CTL vertebrae, resulting in a vertebral formula not
typical for mammals (Williams et al., 2019).
On average, humans have 33 vertebrae. These include seven cervical (C1-C7), 12
thoracic (T1-T12), five lumbar (L1-L5), five fused sacral (S1-S5), and four fused coccygeal
(Co1-Co4) vertebrae (Mahadevan, 2018) (Figure 1). The fused sacral and coccygeal vertebrae
form the sacrum and the coccyx, respectively. The CTL vertebral regions are composed of
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individual bony vertebrae and intervertebral discs that separate the vertebrae (Agur & Dalley,
2009). Intervertebral discs connect individual sacral and coccygeal vertebrae in childhood, but
the fusion of the vertebrae during late adolescence and early adulthood leaves no residual discs
(Sadler & Langman, 2004). All presacral vertebrae protect the spinal cord that extends from the
brain, and the fused sacrum provides a base to support the body’s weight.

Figure 1. Lateral view of the vertebral column (from Gray’s Anatomy, 1918)
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A typical vertebra has two components, namely, the vertebral arch and the vertebral body
(Betts, 2013) (Figure 2). The arch is the posterior segment, whereas the body is the anterior part.
The two structures enclose the vertebral foramen in the center, which houses the spinal cord. The
foramen extends from the first cervical vertebra to the last lumbar vertebra, leaving the sacral
and coccygeal vertebrae without the central foramen. The vertebral arch is composed of two
laminae and pedicles, and it supports seven spinal processes, which are projections of bone that
protrude to the back of each vertebra. Spinal nerve roots exit the spinal cord through the
intervertebral foramina, which are openings that exist between each pair of vertebrae.

Figure 2. Superior view of a thoracic vertebra (from Gray’s Anatomy, 1918)

Anatomy of the Sacrum
The sacrum is a triangular bone located at the bottom of the spine, between the lumbar
and coccygeal vertebrae. The human sacrum consists of five vertebrae fused in late adolescence
and early adulthood to form an inverted triangular structure (Figure 3). The sacrum articulates
with the hip bone, the last lumbar vertebra, and the coccyx. Projections called the alae are
present on each side of the base and articulate with the sacroiliac joints, which connect the
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sacrum and the ilium of the pelvis (Figure 4). The joints form a base for the spine and stabilize
the pelvis, allowing for an upright posture and gait in humans. The sacrum connects superiorly to
the lumbar vertebrae through the lumbosacral joint, and its apex is connected to the coccyx
(Abera et al., 2021). Furthermore, the fused sacrum has a slight kyphotic curvature, concave
anteriorly and convex posteriorly (Figure 5). This curve helps to support the organs in the pelvic
cavity. The sacrum contains an apex, base, and three surfaces – an anterior, posterior, and lateral
surface.

Figure 3. Anterior and posterior views of the sacrum

Figure 4. Base of the sacrum (from Gray’s Anatomy, 1918)
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Figure 5. Lateral view of the sacrum (from Gray’s Anatomy, 1918)
The anterior surface of the sacrum shows concavity in both transverse and rostrocaudal
directions, forming a bowl-shaped impression (Cheng & Song, 2003). It contains four transverse
ridges that cross the middle of the sacrum, resulting from the fusion of the five sacral vertebrae.
Each transverse ridge is associated with a sacral foramen on both sides, leaving the sacrum with
four pairs of sacral foramina (Figure 3). These foramina, visible both anteriorly and posteriorly,
allow the passage of sacral spinal nerves and blood vessels (Pandey, 2021). The bodies of the
sacral vertebrae become progressively smaller from the first sacral vertebra to the last sacral
vertebra. Accordingly, the anterior sacral foramina decrease in size in line with the diminishing
size of vertebral bodies.
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The posterior surface of the sacrum is convex, with a prominent crest forming the vertical
middle line (Figure 3). Spinous processes, posterior bony projection of each vertebra, fuse to
form this median sacral crest. The sacral canal runs through the sacrum as a continuation of the
vertebral canal. The posterior opening at the inferior end of the sacral canal is called the sacral
hiatus, which forms due to a failed midline fusion of the laminae of S5 or S4 (Singh, 2017). The
sacral canal has a triangular shape above the sacral hiatus. Four pairs of posterior sacral foramina
transmit sacral nerves, but these openings are smaller than the anterior sacral foramina.
Considerable anatomical variation is observed in the sacrum, and it is the most variable
region of the spine (Abera et al., 2021). During development, defects in the lumbosacral spine
segmentation can lead to an increase or decrease in the number of sacral vertebrae and sacral
foramina. A common variation is the sacralization of the fifth lumbar vertebra or the first
coccygeal vertebra, which leads to five pairs of sacral foramina (Pandey, 2021). Lumbarization
of the first sacral vertebra, resulting in three sacral foramina, is another type of variation seen in
the sacrum. Concerning the fusion of the neural arch, the last two sacral vertebrae normally do
not display fused neural arches. The unfused midline of the neural arches creates the sacral
hiatus, which frequently occurs at the S4 and S5 levels and less frequently at the S3 level (Kumar
& Tubbs, 2011).

Ossification of the Sacrum
The maturation of the sacrum takes place from the fetal stage to the mid-adult stage. Each
sacral vertebra contains five ossification centers, and approximately 60 centers fuse to form the
sacrum (Cheng & Song, 2003). Sacral ossification proceeds in a caudal direction, beginning in
the first sacral vertebra. Ossification of the central part of the body of the first sacral vertebra
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begins around the eighth week of fetal life, followed by the rapid accumulation of ossific matter
deposits in the successive two sacral vertebrae. The bodies of the fourth and fifth sacral vertebrae
do not begin ossification until around the fifth and eighth months of fetal development. Around
the same time, the vertebral arches begin to ossify.
Postnatally, sacral maturation begins from the caudal end and extends upward. The
vertebral arches fuse with the bodies starting between the second and sixth years. The epiphyseal
plates for the upper surfaces of the vertebral bodies make their appearance around the sixteenth
year, and the plates for the lateral surfaces form between the eighteenth and twentieth years
(Cheng & Song, 2003). During early life, individual sacral vertebral bodies are separated by
intervertebral fibrocartilages. The last two sacral vertebrae fuse around the eighteenth year, and
all sacral segments fuse by the thirtieth year.

1.3. Spina Bifida
Etiology and Types of Spina Bifida
Neural tube defects are a category of congenital anomalies classified by an opening in the
cranium or the spine from early fetal development (Avagliano et al., 2019). Affecting 0.5-2 for
every 1,000 pregnancies worldwide, they are among the most common congenital defects (Copp
& Greene, 2012). During gastrulation, which happens in the third week of embryonic
development, cells on the embryo’s dorsal side change shape to form the neural tube. A neural
tube defect results when the neural tube fails to close completely. Types of neural tube defects
include anencephaly, encephalocele, and spina bifida. Anencephaly and encephalocele affect the
brain and skull. Latin for “split spine,” spina bifida is a type of neural tube defect in which a
region of the spinal column fails to form properly (Banta et al., 1990). It typically occurs within
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the first 28 days of pregnancy. With incidence worldwide, spina bifida has been reported among
ancient and modern populations.
The etiology of spina bifida is multifactorial, involving both genetic and environmental
factors (Holmes et al., 1976). Chromosomal anomalies, maternal obesity, and maternal folate
status have all been suggested to be related to neural tube defects (Northrup & Volcik, 2000).
The MTHFR gene, which codes for an enzyme involved in folate metabolism, is one of the most
well-studied genes for human spina bifida (Mohd-Zin et al., 2017). Folate is the natural form of
vitamin B-9, and its deficiency during pregnancy increases the likelihood of neural tube defects
in the developing embryo (Kirke et al., 1992). It is naturally present in many foods, mainly nuts,
beans, and dark green leafy vegetables. Folic acid, the synthetic version of folate, is available as
a supplement and has been shown to decrease the incidence of fetal neural tube defects if taken
before and during pregnancy (McDonald et al., 2003).
Spina bifida is a general term that refers to varying levels of pathology involving the
spinal cord and nerve root. In practice, spina bifida is classified into two main types – spina
bifida cystica and spina bifida occulta (Mohd-Zin et al., 2017) (Figure 6). Spina bifida cystica,
including meningocele and myelomeningocele, is often called “open” spina bifida. With this
condition, a sac of spinal fluid protrudes out to the environment without normal skin covering
(McComb, 1997). In meningocele, the cerebrospinal fluid and the spinal cord meninges rupture
outward in the form of sac-like structures (Basaloglu et al., 2017). Myelomeningocele is the most
severe type of spina bifida. It involves a sac-like protrusion of the spinal cord and cerebrospinal
fluid and an exposure of the nerves and tissues. Meningocele can result in minor disabilities, and
myelomeningocele may cause moderate to severe disabilities (Copp & Greene, 2012).
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On the other hand, spina bifida occulta, or “closed” spina bifida, represents skin-covered
lesions without an exposed cystic mass (Korsvik & Keller, 1992). The defect is often indicated
by a hairy spot or a dimple in the affected skin area (Kumar & Tubbs, 2011). Indicated solely by
a bony defect of the vertebral arch, the condition does not involve nerve or spinal cord damage.
Therefore, spina bifida occulta does not generally result in disability.

Figure 6. Types of spina bifida (from the Centers for Disease Control and Prevention)

Embryological Background and Pathophysiology
The neural tube, which refers to the embryonic precursor to the brain and spinal cord in
chordates, is formed by a process called neurulation (Mitchell et al., 2004). During fetal
development, the brain and spinal cord are derived from the same source: the neural tube formed
by bending and closing of the neural plate (Gilbert, 2000; Kumar & Tubbs, 2011). Neurulation
has two phases, primary and secondary neurulation, in vertebrate development. Primary
neurulation occurs first, and secondary neurulation begins upon its termination. Failure of
closure in the spinal cord, either in primary or secondary neurulation, causes spina bifida.
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During primary neurulation, the brain and the spinal cord develop (Copp et al., 2003).
The development of the central nervous system begins with the emergence of the neural plate on
the dorsal embryonic surface during gastrulation (Mohd-Zin et al., 2017). The neural plate, a
structure serving the foundation of the nervous system, folds and fuses in the midline to form a
hollow neural tube (Colas & Schoenwolf, 2001). Primary neurulation extends bidirectionally
from the hindbrain/cervical boundary, into the forebrain and down along the spinal region,
zipping the neural folds to create the neural tube (Massarwa & Niswander, 2013). The most
caudal closure occurs at the level of the second sacral vertebra (Zou et al., 2020). A cord of cells
hollows out to form the neural tube during secondary neurulation, developing the lower sacral
and all of the coccygeal regions of the spinal cord (Nievelstein et al., 1993). The canals formed
during primary and secondary neurulation events eventually merge (Kumar & Tubbs, 2011).
The two types of spina bifida are categorized based on the stage of neurulation at which
they occur and the severity of the resulting condition (Kumar & Tubbs, 2011). Errors during
primary neurulation lead to the more severe “open” spina bifida, or spina bifida cystica. On the
other hand, the failure of secondary neurulation typically causes the less severe “closed” spina
bifida, or spina bifida occulta (Zou et al., 2020). However, some incidence of spina bifida occulta
results from disturbances during primary neurulation (Tortori-Donati et al., 2000).
Spina bifida can be found in any region of the spinal column, from the first cervical
vertebra to the last sacral vertebra. The presence of spina bifida is indicated by the separation of
vertebrae in the spinous process caused by the failure of the laminae to fuse properly. Incidence
of spina bifida is most frequently observed in the sacrum (Barnes, 1994). In particular, it is
frequently found in the first sacral vertebra. Sacral spina bifida is largely asymptomatic and
subclinical but has been suggested to be associated with other clinical conditions, such as
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recurrent lower back pain, neurological deficits of the feet, and posterior disc herniation
(Avrahami et al., 1994; Boone et al., 1985; Kumar & Tubbs, 2011). Furthermore, asymptomatic
spina bifida during childhood can lead to neurological symptoms later in adulthood (Spacca &
Buxton, 2008).

Spina Bifida in Paleopathology
Spina bifida is a congenital defect that has been affecting human populations since the
distant past, although it has been observed only sporadically in prehistoric skeletal remains
(Kumar & Tubbs, 2011). In cases of severe spina bifida types, long-term postnatal survival may
have been infrequent until the advent of medical care. Spina bifida seems to have received
medical attention since antiquity, as ancient Greek medical texts by Hippocrates and Galen
include descriptions about conditions likely referring to spina bifida (Savvidou & Jauniaux,
2019). However, it was not until the release of the book Observationes Medicae in 1641 by the
Dutch surgeon Nicolaes Tulp that the term “spina bifida” first appeared in the medical literature
(Januschek et al., 2016). Due to the sparse documentation of the condition, analyses of spina
bifida from prehistoric samples rely exclusively on excavation data.
The diagnosis of spina bifida from dry skeletal samples has several limitations. Severe
prenatal defects can be fatal in the early stages of development, meaning that most evaluations of
congenital conditions in skeletal remains are limited to milder abnormalities. The occurrence of
spina bifida cystica and other severe types of neural tube defects can also be underestimated in
skeletal collections (Boano et al., 2009). Severe conditions like myelomeningocele, which is
accompanied by severe neurological impairment and infection risk, can be fatal early in life.
Furthermore, perinatal skeletons are rarely preserved and recovered, possibly due to their low
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mineral content and small size (Saluja, 1986). Since spina bifida occulta is the mildest form of
spina bifida and is not associated with fatality, bones showing this condition are more likely to
be recovered.
Furthermore, spina bifida occulta could be documented in higher numbers than those
suggested by the medical record because the condition is often clinically undetected. Many
people born with spina bifida occulta are asymptomatic or have minor symptoms, such as hair or
a dimple in the back. Symptoms may also arise in adulthood and only be noticed through an Xray or an MRI of the spine. Even if it could be detected through clinical imaging methods, spina
bifida occulta is often undocumented by radiologists because it is generally not thought of as a
major defect (Albrecht et al., 2007).
The diagnosis of the specific type of spina bifida from skeletal material is difficult due to
shared characteristics of skeletal indicators among neural tube defects (Kumar & Tubbs, 2011).
Both spina bifida cystica and spina bifida occulta show the same skeletal manifestation in the
vertebrae. Soft-tissue structures are not preserved in skeletal remains, making a specific
diagnosis from archaeological material problematic. Furthermore, a lack of consensus exists on
the localization of defects indicating spina bifida in the sacrum (Kumar & Tubbs, 2011). Many
sacra have underdeveloped neural arches in the last two vertebrae in the sacrum, forming the
sacral hiatus (Barnes, 1994). Since the apex of sacral hiatus frequently occurs at S4 and S5 and at
a lower frequency at S3, it has been suggested that failed neural arch fusion occurring at S3, S4,
and S5 should be interpreted as normal, not as an example of spina bifida (Kumar & Tubbs,
2011).
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1.4. The Nariokotome Homo erectus Skeleton
Discovery at Lake Turkana, Kenya
In August 1984, Kamoya Kimeu found a section of a hominid skull on the Nariokotome
sand river along the west side of Lake Turkana, Kenya (Leakey & Walker, 1993). A sequence of
sieving excavations conducted over five seasons revealed the cranium and most post-cranial
elements of a hominin skeleton. The skeleton was named “Nariokotome Boy” (or “Turkana
Boy”) and was given KNM-WT 15000 as its accession number. The stratigraphic level in which
the skeleton was recovered was placed between the KBS Tuff and the Chari Tuff. The KBS Tuff
represents a K-Ar age of 1.88 ± 0.02 Ma, whereas the Chari Tuff has been dated at 1.39 ± 0.02
Ma using feldspars. An interpolation using the distances between the KBS Tuff, Nariokotome
site, and Chari Tuff yielded an age of 1.51 Ma for KNM-WT 15000. Approximately 70 cranial
fragments and 80 post-cranial elements were found and reassembled. The skeleton belonged to a
male juvenile who lived in the Pleistocene epoch, and the specimen was attributed to the species
Homo erectus.
KNM-WT 15000 is a nearly complete Homo erectus juvenile skeleton, only lacking both
radii, the left humerus, and some bones of the hand and foot (Schiess & Haeusler, 2013). Major
ossification centers of long bones were not fused, indicating the skeleton’s juvenile status
(Smith, 1993). Furthermore, the permanent dentition had not completely formed. Tooth eruption
and anatomy indicate an age at death of about eight years, whereas the status of growth plate
fusion in the long bones points to an age of 12 to 15 years based on modern human standards
(Smith, 2004; Ruff & Walker, 1993; Smith, 1993). Considering a more chimpanzee-like growth
pattern, his age at death is estimated to have been between 7.6 to 8.8 years (Graves et al., 2010).
His stature at death was estimated to be 160 cm, with a minimum estimate of 153 cm (Ruff &
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Walker, 1993) or 155 cm (Feldesman & Lundy, 1988). Based on the size of the skeleton,
robusticity of the skull, and observation of the sciatic notch, the skeleton was assigned as a male
(Ruff & Walker, 1993). Although postmortem damage was observed in the skeleton, there were
no indications of scavenger or carnivore damage (Brown et al., 1985).

Vertebral Anatomy of Homo erectus
Bipedality, or upright walking, is one of the major characteristics that distinguish humans
from other primates. The type of locomotion of the last common ancestor of genera Homo
(humans) and Pan (chimpanzees and bonobos) has been debated by researchers, but increasing
evidence points that humans likely evolved from an arboreal ancestor rather than a knucklewalking ancestor (Andrews, 2019; Lovejoy et al., 2009; White et al., 2015). Members of the
genus Ardipithecus, which evolved around 5.8 to 4.4 million years ago in Africa, were among
the first hominins that could be characterized by bipedal locomotion (Ward et al., 1999). Some
argue that early hominin locomotion in Ardipithecus showed aspects of both arboreal and
terrestrial locomotion based on skeletal morphological features (McHenry, 1991). However, it is
widely accepted that later hominins in the genus Homo had gait characteristics, anatomy, and
proportions like modern humans (Ward et al., 1999). Acquiring bipedal locomotion and an erect
posture accompanied anatomical changes to the skeleton, with modifications spanning from the
skull to the feet.
Notably, the vertebrae of bipedal humans and quadrupedal non-human primates differ in
structure and function, and these differences reflect the different selective pressures encountered
by each species. The lumbar spine in humans is different from that of Old World monkeys and
the great apes in both anatomy and functionality (Filler, 2007). In particular, the thoracic
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kyphotic and lumbar lordotic curvatures evident from the sagittal view of the spine are unique
aspects of the human spine. Humans acquired these curvatures as they became habitual bipeds,
as the curves balance the spine for an upright posture (Been et al., 2019). On the other hand, the
spines of quadrupedal non-human primates are characterized by one long C-shape without
kyphotic or lordotic curves from the sagittal view (Le Huec et al., 2011). Quadrupeds use their
upper limbs as the counterbalance mechanism, and the horizontal orientation of the spine during
locomotion does not necessitate balancing spinal curves required for stable upright locomotion.
The current evaluation of the Homo erectus spine shows that members of the species
contained 12 thoracic and five lumbar vertebrae, like later Homo sapiens (Been et al., 2019).
Most authors suggest that earlier hominins had six lumbar vertebrae, which were reduced to five
elements after the emergence of Homo erectus (Haeusler et al., 2011). The elongated lumbar
spine in early hominins is believed to have enabled the adoption of lumbar lordosis, which is
fundamental for bipedal gait. In addition, the lumbar spine of humans is more flexible than that
of chimpanzees and orangutans. By contrast, the African great apes possess a shorter lumbar
column with four vertebrae. Having a longer and more flexible spine is beneficial for postural
support and weight transmission during bipedal locomotion (Been et al., 2019). Stability and
flexibility cannot coexist at maximum levels, and the human spine reflects an optimal
compromise.
Furthermore, the spine of Homo erectus shows characteristics distinct from those of
earlier hominins. An increase in the thoracolumbar spinal canal and a ventral pillar provide better
neurovascular capacities and load-bearing abilities, respectively (Meyer & Haeusler, 2015).
Compared to the African great apes, the brain and spinal cord are relatively larger in the
members of the genus Homo (Meyer & Williams, 2019). The discovery of Homo erectus fossils
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at Dmanisi dated to 1.77 million years ago revealed the sizes of spinal canals within the variation
found in modern humans (Meyer & Haeusler, 2015). The increase in cervical spinal cord size
could allow for the neurological capacity for upper limb fine-motor coordination for toolmaking. Furthermore, increases in the lower thoracic and lumbar spinal cord size facilitate lower
limb motor control for bipedal locomotion and posture (MacLarnon, 1993). Larger spinal cord
dimensions in Homo erectus would thus have given them neurological and vascular advantages
over Australopithecus and the great apes for tool-making and long-distance travel, allowing
Homo erectus to become the first hominin species to expand out of Africa.

Axial Skeleton and Asserted Pathologies
Sixteen partial or complete vertebrae and fragments of the sacrum have been recovered
for the KNM-WT 15000 skeleton, spanning from the last cervical vertebra to the last sacral
vertebra (Walker & Leakey, 1993). The skeletal remains of KNM-WT 15000 preserve one
cervical vertebra (C7), ten thoracic vertebrae (T1, T2, T3, T4, T6, T7, T9, T10, T11, and T12),
five lumbar vertebrae (L1-L5), and five sacral vertebrae (S1-S5). Unlike those of the members of
genera Pan and Australopithecus, the vertebral bodies of KNM-WT 15000 were relatively large
(Robinson, 1972).
An early assessment indicated that the skeleton had six lumbar vertebrae (Walker &
Leakey, 1993). The last thoracic vertebra was reportedly missing in KNM-WT 15000, and the
vertebra referred to as the first lumbar vertebra of the skeleton was fragmentary. A more recent
study by Haeusler et al. (2011) suggested that the vertebra in question might be the last thoracic
vertebra rather than the first lumbar vertebra. KNM-WT 15000 would therefore have had five
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lumbar vertebrae using this interpretation, the modal number of lumbar vertebrae found in
modern humans.
Aside from its importance in assessing the evolution of vertebral segmentation, the
KNM-WT 15000 skeleton serves as a major source of information on Homo erectus anatomy.
Many parts of the skeleton represent the first examples of such elements ever found for the
species (Walker & Leakey, 1993). However, the skeleton was asserted to have congenital
pathologies in the axial skeleton, challenging its role as a reference fossil for Homo erectus
biology (Schiess & Haeusler, 2013). Some of the suggested pathologies included vertebral
asymmetries, rib distortions, scoliosis, and spina bifida (Latimer & Ohman, 2001).
A recent thoracic remodeling using a new rib arrangement indicated that the skeleton had
a symmetrical rib cage without distortions, refuting the claim for scoliosis (Haeusler et al., 2011).
Additionally, only a few differences were evident in the vertebral morphology between modern
humans and KNM-WT 15000, with most of his vertebrae falling within the range of normal
variation for modern humans (Meyer & Haeusler, 2015). Only C7, T2, and T3 of the KNM-WT
15000 vertebral column exhibit constriction, which appears not to be associated with trauma or
malnutrition. In addition, the skeleton shows a lumbar lordosis curve, indicated by wedge-shaped
lumbar vertebral bodies forming the curvature, that is of an angle within modern human values.
A later study suggested that the skeleton does not show traces of spina bifida. However, S1 could
not be assessed because the vertebra lacked a preserved neural arch. Schiess and Haeusler (2013)
reported that the neural arch was likely broken off but added that the lack of laminae would
indicate spina bifida if it were not fused.
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II. MATERIALS AND METHODS
2.1. Skeletal Samples
The Sacrum of Nariokotome Boy
A cast of the pelvis of KNM-WT 15000 housed at the University of Pennsylvania
Museum of Archaeology and Anthropology was used to evaluate its sacrum (Figure 7). The
pelvis assembly includes a sacrum reconstructed from the following pieces: the left half and
superior right articular process of the first sacral vertebra; the crest and laminae of the second
sacral vertebra; the right fragment of the third sacral vertebrae; the fourth sacral vertebra; and the
fifth sacral vertebra (Walker & Ruff, 1993). The laminae and spine of the first sacral vertebra
were missing, but no attempt at imaginative modeling of these structures was made. Imaginary
intervertebral discs were added between individual sacral vertebrae. The pelvic bones and the
sacrum were assembled at the auricular surfaces.

Figure 7. Cast of KNM-WT 15000’s pelvis
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Comparative Samples
The sacral remains from Tepe Hissar and Hasanlu housed at the University of
Pennsylvania Museum of Archaeology and Anthropology were examined for anatomical
variation in the sacrum. The collections feature numerous sacra of both sexes and a variety of
age groups, spanning from infant to senile. Tepe Hissar and Hasanlu are archaeological sites
located in northern Iran, with approximately 300 well-preserved skeletal individuals being
recovered from each site (Dyson, 1962; Schmidt, 1937; Selinsky, 2009). Tepe Hissar, which is
near the city of Damghan, was excavated by Erich Schmidt from 1931 to 1932 and Robert Dyson
in 1976. It was occupied approximately from 4300 BCE to 1800 BCE (Gürsan-Salzmann, 2016).
Located in the Solduz Valley, Hasanlu was excavated by Dyson from 1957 to 1977 (Selinsky,
2009). Hasanlu was occupied approximately from 5500 BCE to 280 BCE, with most skeletal
remains dating from 1450 BCE to 800 BCE, representing the Iron Age population of the site.
Skeletal materials from both sites are among the largest skeletal collections available
from Iran, allowing the comparative analyses of prehistoric skeletons. The age and sex of the
sacra were not taken into consideration in the analysis. After excluding broken and partially
ossified sacra, 33 dry human sacra from Tepe Hissar and 28 sacra from Hasanlu were used for
the study (Tables 1, 2, and 3). All sacra were photographed after the examination.

Table 1. Composition of comparative samples
Site
Number of Sacra
Tepe Hissar
33
Hasanlu
28
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Table 2. Composition of Tepe Hissar sample by individual
(from Tepe Hissar skeletal collection inventory)
Site
Catalog ID
Period
Age Group
Sex
Tepe Hissar
33-16-100
III
Adult
Female
Tepe Hissar
33-16-112
III
Adult
Male
Tepe Hissar
33-16-116
III
Adult
Male
Tepe Hissar
33-16-120
III
Adult
Male
Tepe Hissar
33-16-133
III
Senile
Male
Tepe Hissar
33-16-140
III
Adult
Male
Tepe Hissar
33-16-142
III
Senile
Female
Tepe Hissar
33-16-152
III
Adult
Male
Tepe Hissar
33-16-155
III
Adult
Male
Tepe Hissar
33-16-162
III
Adult
Male
Tepe Hissar
33-16-163
III
Juvenile
Male
Tepe Hissar
33-16-169
III
Adult
Male
Tepe Hissar
33-16-171
Unknown
Adult
Female
Tepe Hissar
33-16-175
Unknown
Adult
Female
Tepe Hissar
33-16-179
Unknown
Adult
Indeterminate
Tepe Hissar
33-16-194
Unknown
Adult
Male
Tepe Hissar
33-16-214
Unknown
Adult
Female
Tepe Hissar
33-16-216
Unknown
Adult
Male
Tepe Hissar
33-16-224
II
Infant
Indeterminate
Tepe Hissar
33-16-47
II
Adult
Male
Tepe Hissar
33-16-50
III
Adult
Male
Tepe Hissar
33-16-55
III
Adult
Male
Tepe Hissar
33-16-67
III
Senile
Male
Tepe Hissar
33-16-69
III
Adult
Female
Tepe Hissar
33-16-70
III
Adult
Male
Tepe Hissar
33-16-71
III
Adult
Male
Tepe Hissar
33-16-75
III
Juvenile
Male
Tepe Hissar
33-16-88
III
Adult
Male
Tepe Hissar
33-16-89
III
Juvenile
Male
Tepe Hissar
33-16-92
III
Adult
Female
Tepe Hissar
33-23-181
III
Adult
Female
Tepe Hissar
33-23-28
IIb
Adult
Female
Tepe Hissar
33-23-30
III
Adult
Male
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Site
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu
Hasanlu

Table 3. Composition of Hasanlu sample by individual
(from Selinsky, 2009)
Catalog ID
Period
Age Group
Sex
58-4-101
IV
Adult
Indeterminate
60-20-230
II or later
Juvenile
Male
63-5-306
Post IIIB
Adult
Female
63-5-314
IVB
Adult
Male
63-5-319
IVB
Adult
Male
65-31-732
IV
Adult
Female
65-31-734
IV
Adult
Male
65-31-743
IV
Senile
Female
65-31-752
IV
Adult
Male
65-31-768
IV
Adult
Female
65-31-774
IV
Adult
Female
65-31-777
IVB
Adult
Male
65-31-788
V
Adult
Male
65-31-795
IV
Adult
Female
65-31-797
IVB
Senile
Indeterminate
71-23-524
IVB
Adult
Male
71-24-530
II/III
Adult
Female
73-5-500
IIIB
Adult
Female
73-5-504
II
Adult
Male
73-29-500
IVB
Adult
Female
73-29-501
IVB
Adult
Male
75-29-508
IVB
Adult
Male
75-29-510
IVB
Adult
Male
75-29-542
IVB
Adult
Male
75-29-543
IVB
Adult
Male
75-29-550
IVB
Juvenile
Indeterminate
75-29-552
IVB
Adult
Female
75-29-553
IVB
Adult
Female
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2.2. Methods
The present study involved an analysis of a number of morphological parameters. They
included: 1) level of spina bifida in the sacrum; 2) shape of the sacral hiatus; 3) level of the apex
of the sacral hiatus; 4) level of the base of the sacral hiatus; 5) sacral composition; and 6) the
number of sacral foramina pairs (Table 4). Measurements were made for the following
parameters: 1) posterior height of the sacrum, 2) length of the sacral hiatus from apex to base,
and 3) sacral table angle (Table 4).
As a predictor for spina bifida affecting S1, the sacral table angle (STA) was measured
using a protractor as demonstrated by Whitesides et al. (2005). This method has revealed a mean
standard error of 1.1° in comparison to STA measurement using a radiographic method
(Whitesides et al., 2005). Compared to controls not displaying sacral spina bifida, affected sacra
have a greater STA (Eubanks & Cheruvu, 2009). Other metric parameters were measured from
the skeletal specimens using a ruler, and the values were taken to the nearest 0.1 cm.
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Table 4. Morphological and metric parameters used for analysis
Parameter
Definition
Measurement
Level of spina bifida
The level of spina bifida was Non-metric trait scoring
classified in terms of the
sacral vertebra level(s).
Shape of sacral hiatus
The shape of the sacral hiatus Non-metric trait scoring
of each sacrum was classified
as inverted-V, inverted-U,
dumbbell, irregular, complete
bifida, or absent.
Level of apex of sacral hiatus The level of the apex of the
Non-metric trait scoring
sacral hiatus was classified in
terms of the sacral vertebra
level.
Level of base of sacral hiatus The level of the apex of the
Non-metric trait scoring
sacral hiatus was classified in
terms of the sacral and
coccygeal vertebra level.
Sacral composition
Sacral composition was
Non-metric trait scoring
classified as 5 segments,
sacralization of L5,
sacralization of Co1, or
lumbarization of S1.
Number of foramina pairs
The number of foramina pairs Non-metric trait scoring
was classified as 3, 4, or 5.
Posterior height of sacrum
The posterior height of the
Linear measurement
sacrum was measured from
the base to the apex.
Length of sacral hiatus
The length of the sacral hiatus Linear measurement
was measured from the apex
to the base of the hiatus.
Sacral table angle
Upper sacral tilt was
Angular measurement
measured using a protractor
as depicted by Whitesides et
al. (2005).
2.3. Data Analysis
Data were collected and entered into a Microsoft Excel spreadsheet then transferred to
SPSS version 28.0.1.1. Data were expressed in terms of frequency and percentage for
morphological traits, while metric traits were expressed as mean ± standard deviation.
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III. RESULTS
3.1. Morphological Observation
Observations were made in dry human sacra, 33 from Tepe Hissar and 28 from Hasanlu,
to assess morphological variation in the sacrum. Spina bifida was observed in nine specimens
(27.3%) from the Tepe Hissar collection and six specimens (21.5%) from the Hasanlu collection,
with incidences at varying levels of the sacral vertebrae (Table 5). Defects in the posterior arch
indicative of spina bifida most frequently involved S1, with the opening of S1, the opening of the
S1-S2 arch, or the closure failure of the entire S1-S5 arch being documented. Openings at S1
occurred in 12.1% (n=4) of the specimens from Tepe Hissar, representing the most common type
of spina bifida featured in the collection. In the Hasanlu collection, a complete failure of fusion
of the posterior arch was the most prevalent defect seen in 10.7% (n=3) of the specimens. Spina
bifida was also observed at S4 in both collections and also the posterior arch of S2-S5 in one
specimen from Hasanlu.

Table 5. Level of sacral spina bifida
Site
Level
N
Tepe Hissar
None
24
(N=33)
S1
4
S4
2
S1-S2
2
S1-S5
1
Hasanlu
None
22
(N=28)
S1-S5
3
S4
1
S1-S2
1
S2-S5
1
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%
72.7
12.1
6.1
6.1
3.0
78.6
10.7
3.6
3.6
3.6

Seven shapes of sacral hiatus were examined in the samples. These included inverted-V,
inverted-U, dumbbell, irregular, complete bifida, and absent (Figure 8). The inverted-V- and
inverted-U-shaped sacral hiatus were most common in both collections, accounting for 63.6%
(n=21) in the Tepe Hissar collection and 60.7% (n=16) in the Hasanlu collection (Table 6). With
the respective prevalence of 27.3% (n=9) and 25.0% (n=7), the dumbbell and irregular shapes of
the sacral hiatus followed in frequency. The complete bifida shape was seen in one specimen
from the Tepe Hissar collection and three specimens from the Hasanlu collection, comprising
3.0% and 10.7% of the collections, respectively. The sacral hiatus was absent for two specimens
(6.1%) in the Tepe Hissar collection.

Figure 8. Variation in shape of sacral hiatus observed in the study
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Site
Tepe Hissar
(N=33)

Hasanlu
(N=28)

Table 6. Shape of sacral hiatus
Shape
N
Inverted-V
11
Inverted-U
10
Dumbbell
5
Irregular
4
Absent
2
Complete Bifida
1
Inverted-V
9
Inverted-U
8
Dumbbell
4
Irregular
3
Absent
0
Complete Bifida
3

%
33.3
30.3
15.2
12.1
6.1
3.0
32.1
28.6
14.3
10.7
0.0
10.7

Specimens showing a closed sacral hiatus (“absent” shape) or an open posterior wall
(“complete bifida” shape) were excluded from further examination of the sacral hiatus. 30
specimens from the Tepe Hissar collection and 25 specimens from the Hasanlu collection were
assessed for the locations of the apex and base of the sacral hiatus. S4 was the most frequent
location of the apex in both collections, appearing in 46.7% (n=14) and 60.0% (n=15) of the
specimens from Tepe Hissar and Hasanlu, respectively (Table 7). Apex was located at S5 in
26.7% (n=8) of the Tepe Hissar collection and 20% (n=5) of the Hasanlu collection. Localization
of the apex at S3 occurred at similar prevalence with that at S5, accounting for 26.7% (n=8) and
16.0% (n=4) in the collections, respectively. The apex of one specimen (4.0%) from Hasanlu was
located at S2, a finding not observed in the Tepe Hissar collection. The locus of the sacral hiatus
base ranged between S5 and Co1, but it was overwhelmingly more prevalent in S5 than Co1 in
specimens from both collections (Table 8).
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Table 7. Location of apex of sacral hiatus
Site
Location
N
%
Tepe Hissar
S4
14
46.7
(N=30)
S3
8
26.7
S5
8
26.7
S2
0
0.0
Hasanlu
S4
15
60.0
(N=25)
S3
4
16.0
S5
5
20.0
S2
1
4.0

Table 8. Location of base of sacral hiatus
Site
Location
N
%
Tepe Hissar
S5
27
90.0
(N=30)
Co1
3
10.0
Hasanlu
S5
20
80.0
(N=25)
Co1
5
20.0

The vast majority of the sacra in both collections was composed of five segments of
sacral vertebrae and four pairs of sacral foramina, accounting for 81.8% (n=27) in the Tepe
Hissar collection and 75.0% (n=21) in the Hasanlu collection (Tables 9 and 10). In addition,
12.1% (n=4) of the Tepe Hissar collection and 17.9% (n=5) of the Hasanlu collection showed
sacralization of L5 and 5 pairs of sacral foramina (Figure 9). Sacralization of Co1 was observed
in one specimen from each collection, showing a fewer incidence than that of L5. One sacrum
from each collection showed lumbarization of S1 and three pairs of sacral foramina (Figure 10).
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Site
Tepe Hissar
(N=33)

Hasanlu
(N=28)

Site
Tepe Hissar
(N=33)

Hasanlu
(N=28)

Table 9. Sacral composition
Composition
N
5 segments
27
6 segments (L5 sacralization)
4
6 segments (Co1 sacralization)
1
4 segments (S1 lumbarization)
1
5 segments
21
6 segments (L5 sacralization)
5
6 segments (Co1 sacralization)
1
4 segments (S1 lumbarization)
1

%
81.8
12.1
3.0
3.0
75.0
17.9
3.6
3.6

Table 10. Number of sacral foramina pairs
Number
N
4 pairs
27
5 pairs (L5 sacralization)
4
5 pairs (Co1 sacralization)
1
3 pairs (S1 lumbarization)
1
4 pairs
21
5 pairs (L5 sacralization)
5
5 pairs (Co1 sacralization)
1
3 pairs (S1 lumbarization)
1

%
81.8
12.1
3.0
3.0
75.0
17.9
3.6
3.6

Figure 9. Specimen showing sacralization of L5
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Figure 10. Specimen showing lumbarization of S1

In the sacrum of KNM-WT 15000, the sacral hiatus extended from S3 to S5. The shape
of the sacral hiatus was suggestive of an inverted-U- or a dumbbell-shape. The presence of spina
bifida at S1 could not be assessed using morphological parameters because the neural arch was
missing, possibly being broken off. Additionally, the sacrum contained five sacral vertebrae and
three sacral foramina.

3.2 Metric Analysis
The specimens described in Part I, 33 specimens from Tepe Hissar and 28 specimens
from Hasanlu, were used to count and measure sacral morphometric variation. The posterior
height was found to range from 8.1 cm to 13.9 cm in the Tepe Hissar collection (Table 11), with
the mean posterior height being 11.3 ± 1.1 cm. With the mean value of 11.3 ± 1.3 cm, the
posterior height of the sacra from Hasanlu ranged from 7.2 cm to 13.4 cm. Following Part I,
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specimens with a closed sacral hiatus or an open posterior wall were excluded from the further
assessment of the sacral hiatus.

Table 11. Posterior height of sacrum
Minimum Maximum
Mean ± SD
Site
(cm)
(cm)
(cm)
Tepe Hissar
8.1
13.9
11.3 ± 1.1
(N=33)
Hasanlu
7.2
13.4
11.3 ± 1.3
(N=28)

30 specimens from the Tepe Hissar collection and 25 specimens from the Hasanlu
collection were examined for the length of the sacral hiatus. The mean length of the sacral hiatus
from the apex to the base was 2.4 ± 1.0 cm in the sacra from Tepe Hissar, with values ranging
from 1.0 cm to 5.6 cm (Table 12). In the Hasanlu collection, the length of the sacral hiatus
ranged from 1.2 cm to 5.8 cm. The mean length of sacral hiatus in the sacra from this collection
was 2.6 ± 1.2 cm.

Site
Tepe Hissar
(N=33)
Hasanlu
(N=28)

Table 12. Length of sacral hiatus
Minimum Maximum
Mean ± SD
(cm)
(cm)
(cm)
1.0

5.6

2.4 ± 1.0

1.2

5.8

2.6 ± 1.2

For the measurement of the sacral table angle (STA), sacra showing sacralization of L5
or lumbarization of S1 were excluded. The mean STA in sacra with indications of spina bifida
affecting S1 was 100.7° ± 2.9° for the Tepe Hissar collection (Table 13). Control specimens
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unaffected by spina bifida at S1 showed a lower mean STA of 92.1° ± 2.6°. This trend was also
observed in the Hasanlu collection. Specimens displaying S1 spina bifida had a mean STA of
99.3° ± 2.1°, whereas the remaining sacra had a mean STA of 92.8° ± 2.1°.

Site
Tepe Hissar (N=27)
Hasanlu (N=23)

Table 13. Sacral table angle
Minimum
Maximum
Type
(°)
(°)
Control (N=20)
86
96
Spina bifida (N=7)
98
106
Control (N=20)
87
96
Spina bifida (N=7)
96
101

Mean ± SD
(°)
92.1 ± 2.6
100.7 ± 2.9
92.8 ± 2.1
99.3 ± 2.1

For the sacrum of KNM-WT 15000, the posterior height was 8.1 cm, and the length of
the sacral hiatus was 2.1 cm. The STA was measured to be 98°.
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IV. DISCUSSION
4.1 Interpretation of the Results
Spina bifida is a congenital condition that results from incomplete closure of the neural
tube during early embryonic development (Moore & Persaud, 2003). Cases of sacral spina bifida
from the archaeological record have been sporadically reported, but there is a lack of consensus
in the interpretation of spina bifida in skeletal materials (Kumar & Tubbs, 2011). That is,
disagreement exists regarding the level of incomplete closure of the neural arch that should be
viewed as spina bifida. The neural arches of S4 and S5 ordinarily remain underdeveloped,
constructing the sacral hiatus (Barnes, 1994). The apex of the sacral hiatus can occur at any level
ranging from S1 to S5 in modern humans, but it is frequently found at S4 and S5 and less
frequently at S3 (Sekiguchi et al., 2004). Many researchers consider the opening of neural arches
at S3, S4, and S5 not as spina bifida but rather within the observed variation of the sacral hiatus
(Kumar & Tubbs, 2011; Sekiguchi et al. 2004; Fineman et al., 1982).
Latimer and Ohman (2001) recorded the congenital vertebral anomalies in the axial
skeleton of KNM-WT 15000, among which was spina bifida in the sacrum. The level of sacral
spina bifida was not specified. However, a more recent re-analysis of the skeleton by Schiess and
Haeusler (2013) did not find any indication of sacral spina bifida but rather a sacral hiatus from
S3 to S5. Unfortunately, the neural arch of the first sacral vertebra was not preserved, although
Schiess and Haeusler (2013) examined the breakage pattern of the superior articular facets and
suggested that the neural arch could have been broken off. They noted that it would be
considered spina bifida if it were aplastic and unfused.
In the present study, sacral specimens from the sites of Tepe Hissar and Hasanlu in
present-day Iran were used to analyze morphological and morphometric variation in the sacra of
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prehistoric populations. The most common location of the apex of the sacral hiatus was S4,
followed by similar occurrence frequencies in S3 and S5 in both the Tepe Hissar and Hasanlu
sacral collections. The base of the sacral hiatus was seen at S5 in the overwhelming majority of
specimens. Among the specimens with a sacral hiatus, the inverted-V and inverted-U shapes
were observed most frequently for the sacral hiatus, followed by the dumbbell shape. The sacrum
of KNM-WT 15000 displayed a sacral hiatus, which extended from S3 to S5 and could be
speculated to have an inverted-U- or a dumbbell-shape. The morphological findings of the sacral
hiatus suggest that the sacral hiatus of KNM-WT 15000 falls within the range of normal
variation for hominins and is not indicative of spina bifida from S3 to S5.
The majority of sacra from Tepe Hissar and Hasanlu showed five sacral vertebrae and
four sacral foramina pairs, reflecting normal sacral anatomy. Although the sacrum of KNM-WT
15000 shows five vertebral segments, the anterior and posterior views of a cast of the sacrum
suggest the presence of three pairs of sacral foramina. The last segment appears visually similar
to a coccygeal vertebra, and the initial evaluation of the skeleton classified it as Co1 (Brown et
al., 1985). However, Walker and Leakey (1993) determined that it is S5 that is missing its right
lateral process and a part of the left horn.
Given the skeleton’s juvenile status, the sacral vertebrae are not likely to have been fully
fused together at the time of death. The unfused state of a juvenile’s sacrum is different from
spina bifida, in which the neural arch fails to develop during an early embryonic stage. The
neural arch may seem open or inadequately closed in a sacrum that is beginning to fuse, but it is
morphologically present and intact. Therefore, the sacrum of KNM-WT 15000 is likely to reflect
the normal sacral anatomy with five vertebrae and four pairs of sacral foramina.
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The mean posterior height of the sacra from Tepe Hissar was 11.3 ± 1.1 cm, and the
range was from 8.1 cm to 13.9 cm. For the Hasanlu collection, the posterior height ranged from
7.2 cm to 13.4 cm, with a mean of 11.3 ± 1.3 cm. The posterior height of the sacrum of KNMWT 15000 was 8.4 cm, which falls into the ranges represented in both Tepe Hissar and Hasanlu
collections. With a mean of 2.4 ± 1.0 cm, the length of the sacral hiatus ranged from 1.0 cm to
5.6 cm in the Tepe Hissar collection. The measurement of the sacra from the Hasanlu collection
showed a range from 1.2 cm to 5.8 cm and a mean of 2.6 ± 1.2 cm. For the sacrum of KNM-WT
15000, the sacral hiatus length was 2.1 cm. Although the skeleton’s sacrum does not overlap
with the mean values of posterior height and sacral hiatus length measured in the two reference
collections, it still falls within the ranges of sacral variation for these parameters. The skeleton’s
juvenile status could possibly account for the smaller size of the sacrum.
In an attempt to examine the possibility of spina bifida at S1 of the sacrum of KNM-WT
15000, the STA, a predictor of spondylolysis, was measured. The specimens from Tepe Hissar
not associated with spina bifida had a mean STA of 92.1° ± 2.6°, whereas those with spina bifida
had a mean STA of 100.7° ± 2.9°. The results from the Hasanlu collection showed a similar
trend, with normal sacra having a mean STA of 92.8° ± 2.1° and sacra affected by spina bifida
having a mean STA of 99.3° ± 2.1°. The STA measured from the sacrum of KNM-WT 15000
was 98°, which falls within the confidence intervals for the STA of sacra with spina bifida from
both reference collections.
Spina bifida affecting the posterior arch of S1 has been associated with an increased
incidence of disc herniation (Avrahami et al., 1994). Not surprisingly, indications of posterior
disc herniation have been found in the lumbar vertebrae of KNM-WT 15000 (Haeusler et al.,
2013). The analysis of the sacral samples using morphometric parameters revealed that KNM-
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WT 15000 possessed a sacrum that is mostly within normal anatomical variation compared to the
reference sacral specimens. However, using the STA as a predictor for spina bifida at S1
indicated that there could have been an incidence of sacral spina bifida in the skeleton of KNMWT 15000. Since the boy lived to the juvenile stage, it is unlikely that he suffered from severe
types of neural tube defects. Moreover, research suggests that the cause of his death was most
likely a gum infection (Smith, 2004). Spina bifida occulta at the first sacral vertebra seems the
most plausible diagnosis.

4.2. Biocultural and Evolutionary Framework
The skeleton of Nariokotome Boy showed evidence for disc herniation at the level
between the last two lumbar vertebrae that likely occurred due to trauma, providing the earliest
evidence for vertebral disc lesion in the human lineage (Haeusler et al., 2013). According to the
fossil record, Homo erectus possessed the thoracic kyphotic and lumbar lordotic curvatures like
Homo sapiens (Haeusler & McHenry, 2007). The body proportions and form of Homo erectus
also resembled that of modern humans. Since the overall body shape and spinal curvature of
Homo erectus were similar to anatomically modern humans, it is not surprising to find an
occurrence of lumbar disc lesion in the skeleton (Haeusler et al., 2011; Haeusler & McHenry,
2007).
Bipedalism is a human-specific trait, and its emergence marked the beginning of the
hominin lineage. Evolutionary history and principles help the understanding of human disease
and health as our history impacts the risk for developing particular disorders (Gluckman et al.,
2011). Despite its prevalence in humans, spinal disorders are surprisingly uncommon in nonhuman primates. Even among chimpanzees and bonobos, closest relatives of humans,
degenerative skeletal disorders were found to be extremely rare (Jurmain, 1989). A study
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conducted on mice to assess the impact of posture on the intervertebral discs of the lumbar spine
showed that prolonged upright posture induced degenerative disc changes (Liang et al., 2008).
This result suggests that the upright posture necessary for bipedality likely contributed to the
high prevalence of disc herniation and degeneration in humans.
Disc herniation is commonly associated with recurrent low back pain and sciatica, or leg
pain or numbness, which could cause lingering pain for several years (Koes et al., 2007).
Furthermore, a study by Fakouri et al. (2009) showed that adolescents who suffer from disc
herniation tend to show more movement restrictions than adult patients. This suggests that an
increased need for nursing or social care for younger patients with a herniated disc.
However, the bony remodeling of facet joints indicates that Nariokotome Boy survived
for some time after the injury, even with the potential reduction in locomotive abilities in daily
activities (Been et al., 2019). Although it is difficult to assess behavior directly from the fossil
record, this evidence suggests that Homo erectus had cognitive and complex social capabilities to
provide social care for group members who were disabled (Haeusler et al., 2013). If caregiving
was established, it could have provided an advantage for disease control and building
cooperative social groups as Homo erectus expanded out of Africa.
In humans, the TBXT gene encodes the brachyury protein, whose name was derived from
the Greek words for “short” and “tail.” As a member of the T-box protein family, the brachyury
protein acts as a transcription factor regulating embryonic notochord development (Chen et al.,
2020). A recent study discovered the insertion of an Alu element in all apes’ TBXT genes, which
was absent in monkeys (Xia et al., 2021). The researchers induced mutations in the gene in mice,
and the genetically modified mice were found to express tail-loss or a shortened tail phenotype.
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Furthermore, the mice with the altered genotype were observed to have an unusually high
frequency of neural tube defects.
Apart from humans, spina bifida is most widely documented in some dogs and cats.
Previous reports on the prevalence of spina bifida among dogs and cats suggest 0.006% in dogs
and 0.09% in cats (Song et al., 2015; Wilson et al., 1979). The congenital defect in these animals
shares similar pathogenesis with spina bifida in humans, and the lower back region is most
frequently affected. The English Bulldog and the tail-less Manx cat are most commonly affected
by spina bifida (Wilson et al., 1979; Clark & Carlisle, 1975). Bulldogs are born with tails, but
they are shorter than those of most other breeds of dogs. In the Manx, the congenital
malformation is related to an autosomal-dominant trait that prevents vertebrae development in
the tail (Song et al., 2015; Tamura et al., 2017). The tailless gene shortens the spine, causing
spinal cord and nerve damages that may cause spina bifida. This observation further suggests
that the risk of spina bifida may be increased with the inheritance of tail-lessness.
Tail loss also occurred along the lineage that led to apes and humans. The great apes
exhibit facultative bipedalism, and humans are obligate bipeds. Even for lesser apes like gibbons,
having no tail is well-suited for an upright posture while swinging on branches and climbing
trees (Horvath, 2016). Furthermore, a tail can be energetically costly to produce and maintain,
suffer injuries, or serve as an appendage that a predator can latch onto. Losing a tail allowed for a
better ability to stand upright and forage on the ground, and tail-less bipedalism provided
selective advantages in earlier humans in terms of energetic efficiency. Therefore, the loss of
tails in the evolution of humans and apes can be speculated to have contributed to effective
bipedal locomotion as well as increased vulnerability for neural tube defects like spina bifida.
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Furthermore, the diet of Homo erectus could have been characterized by low folate
intake, increasing the risk of neural tube defects. Evidence suggests a shift in dietary quality with
the emergence Homo erectus, with an increase in meat consumption indicated by the presence of
stone tool cut marks on animal bones (Andrews & Johnson, 2019; Stanford & Bunn, 2001;
Shipman & Walker, 1989). A study by Popovich et al. (1997) suggests that the diet of western
lowland gorillas has implications for preventing spina bifida in humans. Gorillas mainly
consume leafy vegetation, which has high folate content. The increase of carnivory in the Homo
lineage is associated with encephalization, but the resulting lower folate intake from this shift in
diet may have implications for the prevalence of spina bifida among humans.
Evidence from spinal morphology suggests that spina bifida could be related to tail loss
in humans and great apes. Spina bifida at the first sacral vertebra, the presumed diagnosis of
Nariokotome Boy in this study, is associated with an increased risk of lumbar disc herniation
(Avrahami et al., 1994). Since it causes instability of the bottom of the lumbar column, spina
bifida at S1 could predispose disc herniation. Considering the results of the study and
implications of tail-loss and Homo erectus diet, it could be hypothesized that Nariokotome Boy
suffered spina bifida occulta at S1. He could have been especially vulnerable to lumbar disc
herniation due to the combined effect of bipedal posture and sacral spina bifida.
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